The accurate measurement of solutes by DGT relies on the strength of their interaction with the binding layer. Mass transport of the analyte through the diffusive layer can only achieve a steady state when the analyte binds rapidly and irreversibly to the surface of the binding layer, so that the concentration of the solute at the interface between the binding layer and diffusive layer is effectively zero [1] . When this assumption is met, the DGT equation can be used to accurately determine the DGT-labile concentration of the analyte in the bulk solution.
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Introduction
The accurate measurement of solutes by DGT relies on the strength of their interaction with the binding layer. Mass transport of the analyte through the diffusive layer can only achieve a steady state when the analyte binds rapidly and irreversibly to the surface of the binding layer, so that the concentration of the solute at the interface between the binding layer and diffusive layer is effectively zero [1] . When this assumption is met, the DGT equation can be used to accurately determine the DGT-labile concentration of the analyte in the bulk solution.
The first binding layer to be used with DGT consisted of a hydrogel containing Chelex 100, a commercially available resin containing iminodiacetic acid functional groups, which strongly bind transition metal ions via chelation [2] . The selectivity of Chelex 100 for transition metals over alkali and alkaline earth metals ensures that the major ions in natural waters (i.e. Na + , K + , Mg 2+ , Ca 2+ ) do not interfere with the measurement of transition metals typically present in much lower concentrations (i.e. trace metals) [3] . Without the high degree of selectivity that Chelex 100 exhibits for trace metals, successful measurement of these analytes in a wide variety of natural waters would not be possible, due to competition for binding sites by major ions.
Natural waters exhibit a variety of major ion concentrations and compositions, as well as a range of hydrogen ion concentrations (pH), which can affect the interaction between the binding layer and the analyte. Competition for binding sites by major ions and H + , which are often present at several orders of magnitude higher concentrations than trace metals, reduce the effective capacity of the binding layer for the target analyte, and thus restrict the length of deployment times that can be used. It is essential, therefore, that binding layers are comprehensively evaluated across a range of pH and ionic concentrations, and for deployment times that are representative of actual field deployments, so that measurements in natural systems can be relied on to be both accurate and precise.
This chapter has three primary aims: 1) to provide a detailed description of the different types of binding layers utilised to date and their key features; 2) to outline the steps involved in validating a potential binding layer and to discuss examples in which satisfactory and non-ideal uptake by binding layers has been reported; and, 3) to summarise the current validation status of existing binding layers described in the literature and to suggest future developments with regard to DGT binding layers. It is hoped that this chapter will be useful for both researchers looking to develop and evaluate new DGT binding layers, and those looking to apply existing DGT techniques to measuring a particular analyte or suite of analytes in the environment.
Binding layer types and features
A variety of different materials have been described in the literature for application as DGT binding layers (Table 4 .1). These layers typically consist of solid resins or powders that are incorporated into a gel matrix (e.g. polyacrylamide) to form a near homogenous binding layer, although polyacrylamide derivatized with binding functional groups, commercial membranes and liquid (polyelectrolyte) binding layers have also been described [4] [5] [6] . The initial focus was on developing DGT for measuring cationic trace metals (e.g. Cd, Cu, Co, Ni, Pb, Zn), which was achieved using the chelating ion-exchange resin, Chelex 100 [2] , and expanded through application of other resins such as AG50WX8 (a non-chelating ion exchange resin) for Cs and Sr [7] . Attention then turned to oxyanionic species, such as phosphorus, sulphide and arsenic in which different binding mechanisms were used.
Phosphorus and arsenic could be accumulated by adsorption onto metal (hydr)oxide-based binding layers such as ferrihydrite (FeOOH) [8, 9] and Metsorb (TiO2 -nano-anatase distributed within a polymer backbone) [10, 11] . Sulphide used a novel binding reaction in which HS -displaced I -ions from silver iodide [12] , which resulted in a distinct colour change that facilitated two-dimensional measurements (see Chapter 8) . The measurement of mercury with DGT was another area of considerable interest, and resulted in the application of selective binding layers containing thiol-functionalised resins, which were later evaluated for the selective measurement of As III [13, 14] . In order to expand the range of analytes determined in a single DGT deployment, mixed binding layers [15, 16] or sandwich deployments [17] have also been developed. The simple process of encapsulating a solid phase binding agent in a gel matrix has facilitated the development of a great diversity of DGT techniques, and will continue to do so into the future.
To use a solid material as a binding agent within a DGT binding layer, it must be of sufficiently small particle size to allow simple incorporation into a gel matrix. The standard thickness of an unhydrated binding gel layer is 250 μm (approx. 400 μm after hydration), so the diameter of solid particles incorporated into the gel must be considerably smaller than this to allow for easy preparation (< 100 μm is recommended). Further details of the practical aspects of preparing binding gel layers are provided in Chapter 10. Many of the existing binding layers utilise commercially available materials as the binding agent, which have the advantage of widespread availability and reproducibility, although laboratory-synthesised materials have also been used successfully [6, 9, 18] .
As shown by the wide variety of binding agents in Table 4 .1, there are often numerous options when considering which binding layer to use for a particular purpose. The suitability of a binding layer is dependent on the matrix in which it will be deployed, with many binding layers only applicable to freshwaters due to the high concentrations of competing ions present in more complex matrices like seawater [11] . In fact, of the 46 binding layers described in Table 4 .1, the majority have not been tested in seawater.
There are four key characteristics when considering a potential binding layer:
1.
The binding strength, which is represented by a relevant equilibrium constant for each analyte (e.g. stability or solubility constant). Binding constants for analytes are often available when a commercial resin is used but can also be determined experimentally [19] . Generally, DGT techniques with a high binding strength for their target analytes will be more suitable for making measurements in diverse sample types.
2.
The intrinsic binding capacity of the binding layer, which relates to the number or density (concentration) of sites able to interact with analyte species at the interface of the diffusive and binding layers, and is independent of the binding strength. Determining the binding layer capacity is an important step of the validation process. Higher binding capacities will be particularly important for DGT techniques in which binding strengths are fairly low. Cd at pH 4 and Mn at pH 5 by Chelex-DGT was non-ideal [21] . A proportion of the metals was observed to penetrate into the binding layer before being bound, due to a low rate of binding, which was considered to be most likely due to competition from H + resulting in a lower concentration of binding sites.
To determine the suitability of a particular binding layer for measuring an analyte, a comprehensive laboratory validation should be undertaken, as described in the following section. Typical experiments in which the above characteristics are determined will be highlighted as well as instances of results that demonstrate satisfactory and non-ideal performance characteristics.
Laboratory validation
The process of developing and evaluating a new DGT binding layer involves a series of well-defined laboratory-based experiments. This section provides a general description of each of the recommended validation steps, as well as discussion of the common performance limitations that may be encountered. Comprehensive laboratory validation is essential to ensure new DGT binding layers perform accurately and reproducibly when deployed in the field.
Uptake and elution
The first step in evaluating a DGT binding layer is to determine that the binding material is capable of accumulating the analyte of interest (uptake). Some researchers also complete comprehensive kinetic studies as an extension of the uptake measurement [15] . This is useful to establish, early on in the validation process, whether the target analyte is suitable for the binding layer. Then it is necessary to find a suitable eluent solution that can quantitatively remove the analytes from the binding layer. The elution step is necessary because the majority of analytical techniques used to quantify analytes require an aqueous sample (e.g. inductively coupled plasma mass spectrometry (ICP-MS)). Solid phase measurement of DGT binding layers is discussed in Chapter 8.
In typical uptake experiments replicate binding layer gel discs are exposed to relatively small volumes of solution (5-10 mL) containing a concentration of analyte that is easily-measurable by the relevant analytical technique, while ensuring that the mass of analyte accumulated on the binding layer is typical of masses accumulated in field deployments. These experiments are normally done over 24 h in 0.01 M NaNO3 or NaCl to limit competition effects and adsorption losses to container walls. Following the uptake experiment the binding layer is removed from the analyte solution, rinsed thoroughly, and then placed into a small volume of eluent (typically 1 mL) for a further 24 h. Suitable eluents will vary depending on the binding layer and the mechanism by which the analyte is bound.
For example, metals are removed from the Chelex 100 binding layer by a 1 M nitric acid solution [1] , whereas oxyanions such as phosphate are removed from the Metsorb binding layer by a 1 M sodium hydroxide solution [11] . With the ferrihydrite binding layer, analytes are quantitatively eluted by dissolving ferrihydrite in HNO3 or other acids [8, 9, 20] . Some analytes require more complex eluents to remove them from particular binding layers, such as the combination of sodium hydroxide and hydrogen peroxide to elute antimony from Metsorb [22] . Following analysis of the eluent by a suitable analytical technique (e.g. ICP-MS for metals, colorimetry for phosphate), typically after dilution to a matrix concentration suitable for analysis, the uptake and elution factors (often referred to as 'efficiencies' in the literature)
can be calculated. The uptake factor, fu, is calculated from the initial mass of analyte in the solution, Mi, and the mass of analyte remaining in solution after the experiment, Mf (equation
4.1).
There is no specific value that is deemed acceptable for fu, but values of >85% (Table   4 .2) are typical of successful DGT methods.
The elution factor, fe, is calculated after measuring the mass of analyte in the eluent solution,
Me, using equation 4.2. Firstly, the accumulated mass is a sizeable fraction of the intrinsic binding capacity (see section below). Effectively, the concentration of the analyte species at the interface between the binding and diffusive layers is progressively increasing and the flux into the DGT samplers is decreasing over time.
Secondly, the concentration of metal that is bound is close to the concentration where it establishes equilibrium with the concentration of free metal in the solution. This non-steady state condition can be reached when the binding layer concentration of bound metal is several orders of magnitude less than the concentration for saturation conditions.
Competition effects by other ions in solution may also promote non-linearity of mass versus time plots by decreasing the effective binding capacity for an analyte or affecting the free metal concentration in solution. Competition effects can be minimised by using a single analyte and/or changing the solution matrix or concentration.
Capacity
The capacity of the binding layer for the target analyte(s) needs to be determined, as established above. The intrinsic binding capacity is most efficiently determined by exposing binding layer discs to a high concentration of analyte, until equilibrium is reached, in the absence of any competition effects [11] . If multiple analytes are determined together then there will inevitably be competition between analytes as the capacity is approached. The capacity measurement can also be made with assembled DGT samplers rather than just the binding layers [18] ; the obtained values should be quite similar, regardless of the approach used, although the DGT measurement is slower and more expensive. The effective binding capacity is determined in a similar way to the intrinsic binding capacity, but in the presence of potentially competing ions (e.g. HCO3 + , H + , SO4 2-etc.), which can compete for binding sites and reduce the number available for interacting with the analyte of interest [20] . A comparison between the intrinsic and effective binding capacities for a particular analyte could be helpful in revealing the susceptibility of a binding layer to competition effects in various matrices.
A distinction should be made between the intrinsic and effective capacities of the binding layer and the mass at which linear accumulation is no longer observed under particular measurement conditions [13] . This linear accumulation capacity is determined by deploying DGT samplers in a high concentration of analyte for various deployment times, so that deviation from the predicted linear uptake is observed. The linear accumulation capacity will be lower in the presence of competing ions, which occupy binding sites on the binding layer, the extent of which is determined by their concentration in solution and/or their affinity for the binding sites. This measurement is therefore highly operational and depends largely upon competition effects in the sample matrix; it provides an operationally useful estimate of conditions under which DGT can be used reliably. As DGT is a kinetic passive sampler, which is not designed to approach equilibrium during deployment, knowledge of the linear accumulation capacity measured in this way will be more useful practically than the intrinsic capacity determined simply by making measurements in a range of solution concentrations. Ionic strength has minimal impact on the accumulation of most cationic trace metals by the Chelex 100 binding layer due to its high selectivity, and thus it generally performs well in matrices like seawater that contain high concentrations of competing ions.
The main caveat of this approach to assessing the impact of pH and ionic strength on a binding layer is that the experiments are typically done for no longer than 24 h. While this may be sufficient to observe significant deviations from the predicted performance, most DGT field deployments are for multiple days. It is, therefore, strongly recommended that potential binding layers are further tested in representative matrices (e.g. synthetic fresh or seawater) for deployment times similar to those that are to be used for actual field deployments, as described in the following section.
Extended deployment in representative matrices
The final step in the laboratory validation of a potential DGT binding layer is to test its performance in synthetic solutions that are representative of natural systems (e.g. synthetic freshwater and synthetic seawater), for deployment times that reflect those commonly used in DGT field deployments (typically < 1 week). For deployments greater than one to two weeks, it may not be feasible to perform such laboratory validation experiments, although other factors such as biofouling of the samplers may limit the use of in situ DGT deployments for these extended times [26] .
Panther and co-workers [11] 
Performance characteristics of existing binding layers and future research requirements
Over 40 different DGT binding layers have been described in the literature to date for approximately 50 elements (Table 4. 
1). This demonstrates that the DGT technique is very
well suited to elemental analysis. However, only a few studies have looked at a range of organic substances [27] [28] [29] . This is clearly an emerging area of application, the implications of which are discussed further below. The extent of validation for each binding layer varies considerably, with many only being partially validated for some analytes. As it is not feasible to present the performance characteristics of every binding layer reported in the literature, only the binding layers that have found widespread, multi-analyte, application will be addressed in detail. These are Chelex 100, ferrihydrite, Metsorb, zirconium dioxide (ZrO2), 3-mercaptopropyl functionalised silica, AG50W-X8 and XAD18. A summary of the performance characteristics for these binding layers, determined by laboratory validations as described in Section 4.2, is presented in Table 4 .2.
The effectiveness of Chelex 100 as a DGT binding layer, in selectively measuring 29 elements, is immediately apparent from Table 4 .2, some of these limitations have been overcome by using mixed binding layers, for instance Chelex 100 with either ferrihydrite or Metsorb [15, 16] . These mixed binding layers have also increased the number of analytes able to be determined from single DGT binding layers, which is an important practical development and will likely make the technique more attractive to environmental consultants and regulatory users. The summary in Table 4 .2 will allow researchers to establish whether sufficient validation has been done for a particular application of a DGT technique and perhaps direct research to address some of the gaps still present. Clearly, application of any DGT technique in samples with high salinity or beyond the typical pH range will require careful validation.
Despite the number of elements able to be determined by DGT, there are some important contaminants missing from the list, such as dissolved inorganic nitrogen species.
There are emerging contaminants such as platinum, palladium and rare earth elements, which have only been looked at in a few studies [33] [34] [35] . The potential of the DGT technique for determination of polar organic contaminants has been demonstrated as a proof of concept but with limited detailed validation to date [27, 28] . This emerging research direction requires careful consideration, as there are actually many other passive samplers developed for various classes of organic substances. Organic contaminants are often present at ultra-trace concentrations in waters that have required other passive samplers to be deployed for longer times than are preferred for DGT deployments (due to the difficulties associated with complex biofilm formation that affect all passive samplers) and to have sampler configurations that maximize the rates of analyte uptake. Given that many DGT techniques have been developed for application in water initially, these factors may explain why there are relatively few examples of DGT being used for organic contaminants to-date. However, DGT samplers have a configuration that is inherently flexible and may be further optimized for organic analytes, for instance by using a larger surface area and/or minimal thickness diffusive layer. For some applications, such as in industrial waste water [28] and contaminated soils and sediments [36, 37] , the small size, the relatively low cost of DGT samplers and the fact that the same apparatus can be used to determine elemental contaminants may be advantageous. Furthermore, deployment in sediments and soils can make use of the extensive theory and models developed for metals [36, 37] .
Various approaches have been used to prepare DGT binding layers, as described in Section 4.2. It is apparent from No data [16, 25, 33] Cr ( Possible competition effects after 24 h from As(V) and PO4 3-in synthetic seawater matrix [20, 22] (1 M NaOH) 
ZrO2
As fu = 100%
As(III) fe = 86.9 ± 2.5% (1 M NaOH)
As(V) fe = 88.4 ± 2.0% (1 M NaOH)
As (inorganic) fe = 96.9 ± 1.8% (0. No data No interferences from Cl -, SO4 2-, As(V) and As(III) [18, 32, 50] 
